ABSTRACT I show that by assuming a standard Blandford-Königl jet, it is possible to determine the bulk Lorentz factor and angle to the line of sight of self-similar parsec-scale blazar jets by using five measured quantities: redshift, core radio flux, extended radio flux, the magnitude of the core shift between two frequencies, and apparent jet opening angle. From the bulk Lorentz factor and angle computed with this method, one can compute other jet properties such as the Doppler factor, magnetic field strength, and intrinsic jet opening angle. I use data taken from the literature and marginalize over nuisance parameters associated with the electron distribution and equipartition to compute these quantities, although the errors are large. Results are generally consistent with constraints from other methods. Primary sources of uncertainty are the errors on the core shift measurements and the uncertainty in the electron spectral index.
INTRODUCTION
Blazars are active galactic nuclei with relativistic jets oriented close to our line of sight. They are associated with compact jet components on the milliarcsecond scale that can be resolved with radio very long baseline interferometry (VLBI). VLBI images of these objects reveal a stationary core from which knots emerge. Often the apparent speeds of these knots projected on the sky β app c > 1, i.e., they appear to be moving faster than the speed of light c. This is a well-known optical illusion caused by motion with intrinsic speed βc close to c and angle to the line of sight θ ≪ 1 (Rees 1966) .
One of the defining features of blazars is their bright, stationary cores seen in VLBI images. This core is generally thought to be described by the Blandford-Königl (BK) model (Blandford & Königl 1979; Königl 1981) . In this model, the core emission is the superposition of self-absorbed components in a steady, continuous parsecscale jet. This model is likely a useful approximation to reality: a model where a number of colliding shells in the jet accelerate electrons, which cool through radiative and adiabatic losses can reproduce many of the features of the BK model (Jamil et al. 2010 ).
The BK model makes two key predictions. The first is flat radio spectra (α ≈ 0, where the radio flux density F ν ∝ ν −α and ν is the observed frequency). The observation of flat spectra in blazar cores was the primary empirical motivation for the model. The second is a frequencydependent core position; that is, the core's position on the sky will "shift" between two different positions when viewed at different frequencies. This effect has also been observed in a number of blazar radio cores (e.g., Lobanov 1998; Kovalev et al. 2008; O'Sullivan & Gabuzda 2009; Sokolovsky et al. 2011; Pushkarev et al. 2012) . When observed at multiple frequencies, the magnitude of the core shift is observed to be ∝ ν −1 , in agreement with the BK model prediction (O'Sullivan & Gabuzda 2009;  justin.finke@nrl.navy.mil Sokolovsky et al. 2011) .
The magnitudes of the core shifts have been used to infer the magnetic field of the jet (e.g., Pushkarev et al. 2012; Zdziarski et al. 2015) . This usually requires making some assumption about the jet speed (bulk Lorentz factor, Γ) or orientation (angle to the line of sight, θ). Here I show that it is in fact not necessary to make assumptions about the speed and orientation of blazar jets. Assuming the BK model is a reasonable description of these jets, one can determine Γ, θ, and other jet parameters such as the magnetic field, from five observables: the redshift z, the core flux density F ν , the core shift ∆φ, the apparent opening angle for the jet α app , and the extended radio flux, which is used as a proxy for jet power (e.g., Bîrzan et al. 2004 Bîrzan et al. , 2008 Cavagnolo et al. 2010) .
In Section 2 I describe the BK jet model and show how it can be used to determine jet parameters from the observables. In Section 3 this model is applied to a sample of blazar radio jets with appropriate observations from the literature. The measured properties of their jets, including Γ and θ are presented. In Section 4 I compare my results with previous estimates of these parameters, and explore some of the implications of the results. Finally, I conclude with a discussion in Section 5.
CONTINUOUS JET MODEL

Synchrotron Self-Absorption
In the δ-function approximation, synchrotron selfabsorption (SSA) opacity at a dimensionless energy ǫ = hν/(m e c 2 ) ≈ ν/(1.23 × 10 20 Hz) is κ(ǫ) = −π 36 λ C r e ǫ γ ∂ ∂γ n e (γ) (Dermer & Menon 2009) where r e ≈ 2.8×10 −13 cm is the classic electron radius, λ C ≈ 2.4×10
−10 cm, ǫ B = B/B c , B is the magnetic field, and B c = 4.414 × 10 13 G. Let Finke the electron density distribution be a power-law, n e (γ) = n 0 γ −p H(γ; γ 1 , γ 2 ) where H(x; a, b) = 1 a < x < b 0 otherwise . 
This can be compared with more precise expressions by, e.g., Gould (1979) and Zdziarski et al. (2012a) .
2.2. Continuous Jet Consider a conical continuous relativistic jet with halfopening angle α ≪ 1; see Figure 1 for an illustration of the geometry. The source has cosmological redshift z giving it a luminosity distance
I use H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. If a core shift is observed it implies α < θ. Since I am interested in the case where a core shift is indeed observed, I assume this is the case. The distance from the base of the jet is r and the half width of the jet at r is R, so that R/r = tan α ≈ α. The jet moves with speed βc giving it a bulk Lorentz factor Γ = (1 − β) −1/2 . The electron density and magnetic field in the jet are assumed to decrease with r, so that
wherer = r/r 0 , r 0 is some reference distance along the jet, n 00 = n 0 (r 0 ), and ǫ B0 = ǫ B (r 0 ). The half-jet width at r 0 is R 0 = αr 0 . An observer sees the jet at an angle θ to the center of the jet axis, so that the Doppler factor δ D = [Γ(1 − β cos θ)] −1 and the apparent half-opening angle
Hereafter, in the frame co-moving with the jet, quantities are primed, such as the co-moving distance from the jet base, r ′ . Quantities in the rest frame of the galaxy are unprimed, except for energies, where unprimed quantities are in the observer frame, so that ǫ = ǫ ′ δ D /(1 + z). The difference between the observer frame and galaxy frame is a factor 1 + z.
Synchrotron Self-Absorption in Continuous Jet
The absorption optical depth
where ℓ ′ is the distance a photon travels in the jet to the observer, in the co-moving frame. The angle to the line of sight in the comoving frame is transformed as sin θ ′ = δ D sin θ (e.g., Rybicki & Lightman 1979; Zdziarski et al. 2012a ). In the frame of the galaxy ℓ = R/ sin θ = rα app . Using Equation (3) for κ(ǫ ′ ), the SSA opacity, and with a change of variables from ℓ ′ to r, Equation (9) can be integrated to give
where k 1 = b(p + 2)/2 + a − 1. Equation (10) can be compared to Equation (1) of Lobanov (1998) and Equation (26) of Blandford & Königl (1979) . By setting τ (ǫ) = 1 in Equation (10) one can solve for the energy where the jet becomes optically thin to synchrotron self-absorption,
where
and R 0 = αr 0 .
2.4. Core Shift In the context of the BK model, the core is the surface where τ = 1. The observed angular distance of a core from the base of the jet observed at a given observed dimensionless energy ǫ SSA is
2 is the angular diameter distance. The core shift between two dimensionless energies ǫ SSA,1 and ǫ SSA,2 where ǫ SSA,2 < ǫ SSA,1 is then
The geometry of this core shift is illustrated in Figure 1. For the "standard" continuous BK jet, a = 2 and b = 1 (Blandford & Königl 1979; Königl 1981) gives k 2 = 1, in agreement with core shift observations (O'Sullivan & Gabuzda 2009; Sokolovsky et al. 2011 ).
2.5. Flux of Continuous Jet For a continuous relativistic jet with stationary pattern, the observed νF ν flux ( Sikora et al. 1997; Zdziarski et al. 2012a,b) where
is the comoving frame emissivity (from synchrotron in this case), and the comoving volume dV ′ = ΓdV . For a conical jet, dV = πR 2 dr. It is well-known that for synchrotron emission, F ν ∝ ν 5/2 in the SSA optically thick (τ > 1) regime and F ν ∝ ν −(p−1)/2 in the SSA optically thin (τ < 1) regime. To account for both these regimes, I approximate the emission from a jet volume element dV ′ as
is the Poynting flux energy density, and
Note that B and ǫ B are in the comoving frame, although I neglect the primes on them. Substituting Equations (18) into Equation (17),
where r min is the distance from the base of the jet where emission begins, r max is the distance from the base of the jet where emission ends, and
. Using Equation (11) and performing the integrals assuming r min ≪ r b ≪ r max ,
For the standard BK jet, a = 2, b = 1, and k 2 = 1,
The flux density F ν can be found directly from Equation (25), since
Thus, F ν will be independent of ν (or ǫ), i.e., "flat" in agreement with observations of the radio spectra of the cores of blazars. Equation (25) agrees with similar formulations by a number of other authors (e.g., Blandford & Königl 1979; Königl 1981; Falcke & Biermann 1995; Zdziarski et al. 2012a ). This calculation only accounts for a single jet traveling towards the observer, neglecting the counter-jet emission (cf. Zdziarski et al. 2012a ).
2.6. Jet Power The jet power from a single jet
whereγ ad is the adiabatic index, g B ∼ 1 is a factor taking into account the geometry of the magnetic field,
is the electron energy density,
u p is the relativistic proton energy density, and ρ is the mass density (see Bicknell 1994; Zdziarski 2014 , for a description of this term). The adiabatic index in Equation (27) takes into account the contribution from both the pressure and energy density (e.g. Levinson 2006; Zdziarski et al. 2012a; Zdziarski 2014) . I useγ ad = 4/3 for a relativistic plasma and g B = 1.5 for a toroidal magnetic field (e.g., Levinson 2006; Zdziarski et al. 2015) . I define ξ e ≡ u e /u B , ξ p ≡ u p /u B , and ξ m ≡ ρc 2 /(γ ad u B ), so that
The jet power P j can be estimated from the power needed to inflate a cavity in the hot X-ray emitting intracluster medium, and is correlated with the extended radio luminosity of a radio-loud AGN (e.g., Bîrzan et al. 2004 Bîrzan et al. , 2008 Cavagnolo et al. 2010) . The relationship between the jet power P j and the 200-400 MHz extended luminosity L ext is log 10 P j erg s −1 = c 1 log 10
where c 1 = 0.64 ± 0.09 and c 2 = 43.54 ± 0.12 (Cavagnolo et al. 2010) . I use this expression to estimate the jet power from L ext . I divide the power obtained from Equation (31) by 2 to account for only a single jet.
Using Equation (27), Equation (12) can be written
For the a = 2, b = 1 model,
2.7. Determination of Jet Parameters Combining Equations (15) and (32) for the the a = 2, b = 1 model, with some algebraic manipulation,
Similarly, combining Equations (25), (15), and (34), and more algebraic manipulation,
Equations (35) and (36) have two physical unknown parameters: Γ and θ; and five observables: z, F ν , ∆φ, α app , and P j (through L ext ). These two equations can be solved numerically for Γ and θ. I have several "nuisance parameters" to marginalize over: p, γ 1 , γ 2 , ξ e , ξ p . An example of this calculation is given in Figure 2 . Here Γ versus θ are plotted from Equations (35) and (36) using the observations given in Table 1 for single randomly drawn values of the nuisance parameters. The intersection of the curves is the numerical solution, giving Γ and θ. -A plot of Γ versus θ for a particular monte carlo iteration for 2251+158 (3C 454.3) using the core shift equation (Equation [35] ) and the flux density equation (Equation [36] ) with the observed parameters given in Table 1 . The intersection of these curves gives the numerical solution; in this case, Γ = 11.7 and θ = 6.15 • .
Once Γ and θ are known, other parameters can be computed as well. For instance, δ D = [Γ(1 − β cos θ)] −1 ; the intrinsic half-opening angle, α can be computed from Equation (8); and B 0 can be computed from Equation (34) for a given r 0 (recall B 0 = ǫ B0 B c ). The apparent jet speed an observed would see from the flow can also be computed,
3. RESULTS
Data
The measurement data taken from the literature can be found in Table 1 . The most prominent VLBI instrument is the Very Long Baseline Array (VLBA), spread throughout North America. In general, I rely heavily on data taken as part of the Monitoring of Jets of Active Galactic Nuclei with VLBA Experiments (MOJAVE). I thus use the MOJAVE collaboration's optical spectral classification for sources (BL Lac object, flat spectrum radio quasar [FSRQ] , or Narrow Line Seyfert 1) and redshifts. For a discussion of redshifts and their measurements, particularly BL Lacs that often have unknown or poorly known redshifts, see Lister et al. (2011) .
The core shift measurements ∆φ from the MOJAVE program between 15 and 8 GHz were taken from Pushkarev et al. (2012) . Their errors were taken to be 51 µas, as discussed by those authors. The core flux densities F ν at ν = 15 GHz were taken from the MO-JAVE website 1 (e.g., Lister et al. 2009 ). The flux densities used were the ones measured during the same epoch the core shift measurement was performed. I assumed there was no error on F ν , since the errors on these values are likely small compared to errors on other observables. Apparent jet opening angles α app , measured as part of the MOJAVE program, were taken from Pushkarev et al. (2009) . See also Pushkarev et al. (2017) . The errors 1 http://www.physics.purdue.edu/MOJAVE/ were assumed to be 10%, based on the different results between how the opening angles were measured, in the image plane or in the (u, v) plane, as described by Pushkarev et al. (2009) . The extended radio luminosities, L ext , are taken from a compilation by Meyer et al. (2011) . They found L ext from a spectral decomposition method, separating the core and extended luminosity using spectral energy distribution (SED) shapes. The errors on L ext were also assumed to be negligible.
I found there were 64 sources that were found to have data from all of these sources, including 11 BL Lac objects, 52 FSRQs, and 1 Narrow Line Seyfert 1.
3.2. Error Analysis I determined the values of Γ and θ and their errors from a Monte Carlo (MC) error analysis. For each MC iteration, I randomly drew:
• a core shift, ∆φ, based on the measured value and assuming a normally distributed error of 51 µasec.
• an apparent jet opening angle, α app , based on the measured value and assuming a normally distributed error of 10% of the measured value.
• values of c 1 and c 2 assuming values and normally distributed errors c 1 = 0.64 ± 0.09 and c 2 = 43.54±0.12 (Cavagnolo et al. 2010) . From the randomly drawn c 1 , c 2 , and L ext , the jet power P j is calculated from Equation (31).
• values of the nuisance parameters were all drawn from flat priors with limits as follows:
-p between 1 and 5.
-log 10 γ 1 between 0 and 4.
-log 10 γ 2 between 3 and 7.
-log 10 ξ e between -2 and 2.
-log 10 ξ p between -4 and 2.
-log 10 ξ m between -4 and 2. If the randomly drawn γ 2 was less than the randomly drawn γ 1 , I redrew both parameters. The th parameters ξ p and ξ m were allowed to go much lower than ξ e to include the possibility of an electron-positron jet with few protons, accelerated or otherwise. Note that this marginalizes over the widely-used magnetization parameter,
between σ = 0.006 and σ = 200. Once all of the parameters are randomly drawn, the values Γ and θ are computed by solving Equations (35) and (36) numerically. Then other jet parameters, α, B(1pc), δ D , and β app are computed from these values. This is repeated for N = 10 4 iterations. I compute the magnetic field at r = 1 pc to be consistent with other calculations of this quantity (e.g., Pushkarev et al. 2012; Zdziarski et al. 2015) . The statistical properties of the results can then be computed from these iterations. (Piner & Edwards 2004 , 2005 Piner et al. 2008 Piner et al. , 2010 . This is discussed further in Section 4.3. Many of the parameters are well-correlated, such as θ and α, θ and B(1 pc), and B(1 pc) and α. Figure 4 shows my result for the famous γ-ray bright FSRQ 2251+158 (3C 454.3). The angle θ is much more strongly constrained than for 1101+384, while Γ and δ D are much more poorly constrained. The same parameter correlations seen for 1101+384 are seen for 2251+158 as well, but it is also clear that Γ and θ are well correlated also.
I present the median and 68% confidence intervals of my MC calculation in Table 2 . Errors are quite large in many cases, but in some cases parameters are well constrained. For instance, as mentioned above, Γ and δ D are well-constrained for 1101+384. Generally δ D is wellconstrained for low δ D sources, while θ is more strongly constrained for higher δ D sources.
Alternative Jet Power Calculation
To estimate the jet power of the sources in my sample (Section 2.6), I used the relation between radio lobe luminosity and jet power found by Cavagnolo et al. (2010) . This relation was found to be in agreement with the theoretical prediction of Willott et al. (1999) made for Fanaroff-Riley (FR) type II radio galaxies. They used narrow-line luminosities as a proxy for jet power, and found an empirical relation that agreed with their model prediction. Similar empirical correlations have been found for FR I (e.g., Bîrzan et al. 2004 Bîrzan et al. , 2008 Cavagnolo et al. 2010; O'Sullivan et al. 2011 ) and FR II (e.g., Daly et al. 2012 ) radio galaxies, with authors measuring the jet power in a variety of ways. Agreement between this correlation for FR II and FR I sources was found, contrary to theoretical expectations (Godfrey & Shabala 2013) . Godfrey & Shabala (2016) pointed out that these empirical correlations were probably the result of both the radio luminosity and jet power being dependent on source distance. When taking into account this effect, Ineson et al. (2017) found a correlation (31)) and Ineson et al. (2017, Equation (40) ) where in both cases I divide the power by 2 to account for only a single jet. In all cases, the results are within the errors of each other (error bars are not shown on the plot). I conclude that the jet power relation used has little effect on my results. 2), what parsec-scale jet parameters could be related to γ-ray emission (Section 4.3), and implications for jet physics (Section 4.4). To do this, I test correlations between different parameters and results three different ways. I used the non-parametric Spearman and Kendall rank correlation tests to determine the significance of a correlation between parameters. I also perform linear fits of the form:
I performed two fits for each set of variables: with m and y n both as free parameters, and with only b as a free parameter, fixing m = 0. I then used an F-test to determine the significance of the model with m as a free parameter versus the model with it fixed. The significance of these tests and resulting m and y n from the fits with both as free parameters can be found in Table 3 .
Comparison with Previous Results
Once δ D and θ are determined from my method, the apparent speed β app one expects can be computed (Equation [38] ). This can then be compared with the speeds of knots seen in VLBI jet monitoring programs. The MO-JAVE program regularly monitors a number of blazars with the VLBA. On their website they provide the median of the knot apparent speeds when jet speeds for at least 5 knots can be computed. There are 34 objects in my sample that meet this criterion. In Figure 6 I compare my results for β app with the median apparent jet speeds from the MOJAVE program. The results are consistent for most sources with in the errors, although my errors are large. For some sources, however, agreement is quite poor. The blazar with the fastest knot in the MOJAVE sample, PKS 0805−07 (Lister et al. 2016) actually has a fairly slow core speed based from my determination (β app = 2.6 +4.4 −1.7 ), and the median MOJAVE speed is not consistent with my result.
In Figure 7 I compare my Doppler factor δ D measurements to the variability Doppler factors measured by Hovatta et al. (2009) . Their Doppler factors are computed using radio variability and brightness to determine an observed brightness temperature. This brightness temperature is compared to what one would expect for the maximum intrinsic (unbeamed) brightness temperature if it is limited by equipartition (Readhead 1994) . I plot my Doppler factors against those of Hovatta et al. (2009) in Figure 7 . Again, for most sources agreement is within the rather large errors. However, there is some evidence that equipartition may be violated during flares (Homan et al. 2006) . Further, the components that flare may have different Doppler factors than the core; knots can accelerate or decelerate (e.g., Homan et al. 2015; Jorstad et al. 2017) .
A different method for determining Γ, θ, and δ D for blazar jets was used by Jorstad et al. (2005 Jorstad et al. ( , 2017 . They routinely monitor a number of blazars at 43 GHz with VLBA, and use kinematics of observed knots to determine β app . The Doppler factors of the individual knots are determined by measuring the timescale for the flux variations and assuming this variability timescale is limited by the size of the knot, which can also be measured from the VLBA images. Once they measure β app and δ D for a knot, they can compute θ and Γ. They computed the average jet parameters for all the knots for each source. In Figure 8 I plot the Doppler factors from my calculation versus the average Doppler factors determined by Jorstad et al. (2017) for the sources where our samples overlap. The agreement is clearly quite poor. This could be due to acceleration or deceleration of jet components, or other sorts of variability. The method of determining δ D from variability used by Jorstad et al. (2005 Jorstad et al. ( , 2017 assumes the variability timescale is dominated by the light-crossing timescale, which might not be the case.
Using the core shift measurements, and assuming the BK model with δ D = Γ and using the maximum jet speeds from the MOJAVE program, Pushkarev et al. (2012) estimate the magnetic field strength at 1 pc. They also make the assumption of equipartition between electrons and magnetic field (ξ e = 1 in my notation). In Figure 9 I compare my magnetic field values with theirs. My results are consistent, within the errors, for all sources except one (1334−127). This is perhaps not surprising, considering both my calculation and the one of Pushkarev et al. (2012) use the same core shift data, although we make different assumptions. The magnetic field values may pose problems for modeling the multiwavelength SEDs of blazars (Nalewajko et al. 2014 ). log 10 Γ log 10 Lγ 1.8σ 1.9σ 5.4σ 0.12 ± 0.03 0.21 ± 0.05 54 log 10 θ log 10 Lγ 2.8σ 2.8σ 2.9σ −0.18 ± 0.08 1.07 ± 0.11 54 log 10 α log 10 Lγ 2.3σ 2.4σ 2.6σ −0.14 ± 0.07 0.19 ± 0.09 54 log 10 B(1 pc) log 10 Lγ 6.3σ > 8.3σ 7.5σ 0.27 ± 0.14 −0.39 ± 0.21 54 log 10 δ D log 10 Lγ 2.5σ 2.5σ 5.4σ 0.13 ± 0.03 0.27 ± 0.04 54 log 10 βapp log 10 Lγ 1.1σ 1.1σ 1.6σ 0.12 ± 0.11 −0.01 ± 0.17 54 log 10 θ log 10 CD 4.5σ 4.3σ 5.0σ 0.67 ± 0.11 −0.41 ± 0.18 2.0 log 10 θ ∆φ 6.9σ > 8.3σ 6.4σ 0.32 ± 0.14 4.6 ± 1.6 0.10 log 10 Φ jet /M BH log 10 Lacc 2.7σ 2. The core dominance (CD)-the ratio of the core to extended radio luminosity-has been used as a proxy for θ (e.g., Orr & Browne 1982; Meyer et al. 2011; Marin & Antonucci 2016) . I define CD as the ratio of the core luminosity at 15 GHz (as reported by MOJAVE) to the extended radio luminosity at 300 MHz (as reported by Meyer et al. 2011) . The CD as a function of the θ determined here is plotted in Figure 10 . I test whether CD is correlated with θ and the results are in Table 3 . In all cases the significance is < 5σ. Again, I note that my errors on θ are quite large.
Proxies for Jet Angle
One might also expect the core shift (∆φ) to be correlated with θ. I explore this correlation in Figure 11 and Table 3 . The viewing angle θ is much more strongly correlated with ∆φ (> 5σ for all tests) than CD. I conclude that ∆φ is a better proxy for θ than CD. For sources where ∆φ is measured, but other measurements needed to use my method are not, my resulting linear fit might be a useful way to estimate θ.
Gamma Rays
TeV-detected BL Lac objects are often found to have knots moving at low β app indicating low Γ and δ D (Marscher 1999; Piner & Edwards 2004 , 2005 Piner et al. 2008 Piner et al. , 2010 . This is in contrast to multiwavelength SED modeling of these sources, which finds much larger values of Γ and δ D (e.g., Finke et al. 2008; Abdo et al. 2011a,b; Inoue & Tanaka 2016) . This discrepancy is sometimes called the "TeV Doppler factor crisis". For almost every source in my sample Γ 4 is within the quite large 68% confidence interval. Most notably, the two nearest BL Lac objects, Mrk 421 and Mrk 501 have well-constrained low Γ and δ D , and subluminal implied β app . Several possible resolutions to the TeV Doppler factor crisis have been suggested: the speed of the jet could be stratified, with a slower layer to explain the low speed from the radio, and a faster spine to explain the multiwavelength emission (Ghisellini et al. 2005) . Or the jet could be decelerating, with the faster part closer to the jet explaining the multiwavelength emission and the slower part farther from the jet explaining the radio emission (Georganopoulos & Kazanas 2003) . Finally, the overall flow could have a low Γ consistent with radio observations, but magnetic reconnection could lead to the creation of a "jet within a jet" with large Γ to explain the multiwavelength emission (Giannios et al. 2009 ). Mrk 421 and Mrk 501 have values consistent with large angles, but also are consistent with relatively small angles to the line of sight (θ > 9.9
• and θ > 4.2
• , respectively, at 68% confidence). Large θ favors the jet within a jet scenario, since in this model the overall jet could be misaligned, but the jet within a jet could be oriented towards the observer. The other explanations require θ to be small. The small sample and large errors prevent me from making definitive conclusions.
Many blazars are constrained to have low δ D (Table 2 ) and are not detected at TeV energies (e.g., PKS 0607−15, PKS 1936−15) . If low δ D is an indication of brightness at very high energies, these sources could be potential TeV sources, and observation of them with atmospheric Cherenkov telescopes could result in detections. However, many of them are at high redshifts so absorption by the extragalactic background light (e.g., ) could make them undetectable.
Although relatively few blazars have been detected with atmospheric Cherenkov telescopes, a much larger number have been detected by the Fermi Large Area Telescope (LAT). Indeed, 54 of the 64 sources in my sample are in the Third LAT AGN Catalog (3LAC; Ackermann et al. 2015) . I test correlations between the γ-ray luminosity from this catalog with all of the parameters presented in Table 2 . The results can be seen in Table 3 . The strongest correlation is found between B(1 pc) and L γ . This result is plotted in Figure 12 . This is perhaps not a surprise. The magnetic field B is correlated with P j (Equation [34] ), which is in turn determined from L ext (Section 2.6). The respective luminosities L ext and L γ could be correlated due to both depending on distance. The parameters θ and δ D also show strong correlations with the F-test, but not the non-parametric tests.
Implications for Jet Physics
General relativistic magnetohydrodynamic simulations of jets launched from magnetically arrested disks (MADs) indicate that energy can be extracted from the rotation of black holes to form jets by the BlandfordZnajek mechanism (Blandford & Znajek 1977 ) that appear very similar to the ones found in nature (Tchekhovskoy et al. 2011) . The parsec-scale magnetic flux Φ jet can be determined from the jet parameters I have computed by
where M BH is the black hole mass, making assumptions about equipartition (Zamaninasab et al. 2014) . A more detailed calculation by Zdziarski et al. (2015) gives the more general
where I have rewritten their result using Equation (39). The theory of jets launched from MADs predicts a relationship between Φ jet and the accretion disk luminosity L acc , (Zamaninasab et al. 2014 ).
In Figure 13 I plot Φ jet /M BH determined from Equation (43) using jet parameters from this work versus L acc as found by Zamaninasab et al. (2014) . I tested for the significance of the correlation of these quantities (Table 3) and found weak significance with the F-test, and no significance with the Spearman and Kendall tests. As Figure 13 demonstrates, the best fit line does not agree with the model prediction for jets launched from MAD disks from Zamaninasab et al. (2014) , which overestimates my results by a factor of ≈ 10. I have computed Φ jet for the sources in my sample using both Equation (42) and (43), and the results are not significantly different. Pjanka et al. (2017) compared several estimates of jet power, and found that computing it from extended radio luminosity gives a factor of ≈ 10 lower result than from core shift measurements or from broadband SED modeling. Since B 0 ∝ P jet (Equation [34] ), when I scale up the jet powers by a factor of 10, I find that Φ jet for my sources increases by a factor of ≈ √ 10 ≈ 3. This improves agreement with Equation (44), but the computed results still do not agree with this theoretical curve. The reason for the disagreement is not entirely clear. Equation (43) assumes that all the black holes have spin a ≈ 1 and Equation (44) assumes all accretion disks have an accretion efficiency η = 0.4, neither of which may be the case (Zamaninasab et al. 2014; Zdziarski et al. 2015) . Another assumption may not be correct, or these sources may not be accreting in the MAD regime. Meyer et al. (2011) have introduced a scenario where FSRQs have jets which essentially have the same Γ for the whole jet length, and BL Lac objects have decelerating jets. For BL Lac objects, as θ increases, one sees slower parts of the jets with larger beaming cones. Their scenario explains the discrepancy between low Doppler factors found in multiwavelength SED modeling of FR I radio galaxies and the high Doppler factors found in modeling the multi-wavelength SEDs of BL Lac objects (e.g., Chiaberge et al. 2000) . Their scenario predicts that θ is correlated with the peak frequency (ν pk ) of the lowenergy synchrotron component in the SEDs of BL Lac objects. In Figure 14 I plot my determination of θ versus ν pk with ν pk taken from Meyer et al. (2011) and the Third LAT AGN Catalog (3LAC; Ackermann et al. 2015) . The correlation between θ and ν pk is not significant in any of my tests (Table 3) . However, I note that the error on θ is quite large, and there are only 11 BL Lacs in my sample, and only 2 with log 10 [ν pk /Hz] > 14.5. This test is clearly not definitive.
It is expected in the BK model that there is an inverse relationship between the jet Lorentz factor and opening angle, i.e., that αΓ is a constant for all sources in the BK jet model. This parameter is important for a number of processes in jet physics (see Clausen-Brown et al. 2013 , and references therein). A constant αΓ has been found by Jorstad et al. (2005 Jorstad et al. ( , 2017 , Pushkarev et al. (2009 Pushkarev et al. ( , 2017 , and Clausen-Brown et al. (2013) . I plot αΓ for all the sources in my sample in Figure 15 . I perform a fit to αΓ = ζ instead of plotting and fitting α = ζ/Γ in order to take into account the correlation in the errors on α and Γ. I find ζ = 0.054 ± 0.014 with χ 2 /dof = 4.1/63 , certainly consistent with a constant αΓ. This value is lower than typically found by other authors. Jorstad et al. (2005) found ζ = 0.17 ± 0.08 for their sample, and more recently Jorstad et al. (2017) found ζ = 0.19 ± 0.07 and ζ = 0.32 ± 0.13 for two different ways of determining α. Pushkarev et al. (2009) and Pushkarev et al. (2017) found median ζ = 0.13 and ζ = 0.175, respectively, in their samples; Clausen-Brown et al. (2013) found ζ ≈ 0.2 from their sample.
It is thought that (Γα) 2 < σ (e.g., Tchekhovskoy et al. 2009; Zdziarski et al. 2015; Pjanka et al. 2017) . Since, based on my priors, the magnetization parameter, σ (Equation [39] ) ranges from 0.006 to 200, and I find (Γα) 2 = ζ 2 = 0.0029 ± 0.0015, my results indicate that indeed (Γα) 2 < σ.
DISCUSSION
I have shown that using five observables (z, F ν , ∆φ, α app , L ext ) with the BK model, it is possible to determine θ and Γ and other properties for parsec-scale blazar jets. These results are generally consistent with other constraints on θ, Γ, and δ D , although my errors are quite large. This limits my method's usefulness. With some exploration, I find that my uncertainties are dominated by two sources:
• The errors on the core shift measurement (∆φ) are large, ≈ 15 − 50%. These could be improved by measuring core shifts at multiple frequencies, and doing a fit to these data. Sokolovsky et al. (2011) have done this, although they measure the core shifts with a different technique, and have a much smaller sample size than Pushkarev et al. (2012) . Also, there is the issue of validating ∆φ measured with different techniques. For instance, for 2201+315, the fit to core shift measurements at 6 frequencies from Sokolovsky et al. (2011) results in ∆φ = 0.188 ± 0.009 masec between 15 and 8 GHz, while Pushkarev et al. (2012) measure a discrepant ∆φ = 0.345 ± 0.051 masec.
• The uncertainty in the electron spectral index (p), which I draw from a flat prior. This could in principle be measured from the SEDs of a blazars. However, practically, it is unclear if one could distinguish the parsec-scale portion of the jet from other, more compact, highly variable components that dominate the SED of blazars at high frequencies. Alternatively, one could compute p from Γ using shock physics and results from test-particle relativistic shock acceleration theory (Keshet & Waxman 2005) . However, this may not be applicable to realistic shocks, where nonlinear effects could be important. I performed calculations with p constrained by the formula of Keshet & Waxman (2005) , and found the resulting θ for some sources to be unrealistically large. For example, for 1101+384 (Mrk 421) I found θ = 60 +10 −12 deg, inconsistent with the jet/counter-jet brightness ratio constraint for this source (Piner & Edwards 2005) , and the general expectation that blazars have small θ.
It has also been questioned how reliable it is to use the extended radio luminosity as a proxy for jet power (e.g., Godfrey & Shabala 2016) . However, I found that this is not likely to be a major source of error, at least compared to uncertainties on ∆φ and p (see Section 3.4). Pjanka et al. (2017) compared several methods of estimating jet power: from extended radio luminosity (the method used here), from core shift measurements, and based on broad-band SED modeling. Each technique has its own set of assumptions. Since authors rarely provide error estimates on jet powers, it is difficult to compare these methods; however, Pjanka et al. (2017) found that the core shift and SED modeling jet powers agreed on average, and that these methods generally gave values ≈ 10 larger than the extended radio luminosity method. Besides issues with model assumptions, the discrepancy could be due to short term power measured with SED fitting and core shifts, versus long-term power measured with the lobes; or the core shift and SED fitting powers could be lower due to having more electron/positron pairs relative to protons than assumed in these methods (see also Inoue et al. 2017) .
Aside from these uncertainties, there is also the problem of variability. At higher frequencies blazars are extremely variable, often with fluxes varying by several orders of magnitude. At radio frequencies, they are less variable, but their fluxes can still vary by ∼ a few. The core shifts could also vary with time. I have used measurements of core fluxes and core shifts that are simultaneous. However, since the BK model is an approximation for a variable jet, with a number of colliding shells, there is another source of error associated with the limitations of this model. Despite these issues I do think this method can be a useful way to constrain jet parameters, complementary to other methods. This will be particularly true if ways to mitigate the uncertainties discussed above can be found.
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